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withM. hyopneumoniae as compared to neutrophils not incubated withM. hyopneumoniae. Additionally, after
zymosan stimulation, the intracellular calcium concentration was greater in neutrophils incubated with a
pathogenic strain ofM. hyopneumoniae than in those incubated with a non-pathogenic strain. This suggests
thatM. hyopneumoniae alters the signal transduction mechanisms in neutrophils and that this alteration may be
related to virulence.
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ABSTRACT 
DeBey, M.C., Roth, J.A. and Ross, R.F., 1993. Enhancement of the increase in intracellular calcium 
concentration in stimulated neutrophils by Mycoplasma hyopneumoniae. Veterinary Research 
Communications, 17 (4), 249-257 
Neutrophils isolated from the peripheral blood of pigs free of infection with Mycoplasma 
hyopneumoniae were loaded with a fluorescent indicator (Fura-2) for detection of cytosolic free 
calcium concentration. The kinetics of the intracellular calcium flux were examined after incubation 
with or without a pathogenic or a non-pathogenic strain of M. hyopneumoniae. The basal intracellular 
calcium concentration was not altered by incubation with M. hyopneumoniae. However, the relative 
increase in cytoplasmic calcium concentration caused by the addition of opsonized zymosan was 
significantly (p<O.OS) higher in neutrophils incubated with M. hyopneumoniae as compared to 
neutrophils not incubated with M. hyopneumoniae. Additionally, after zymosan stimulation, the 
intracellular calcium concentration was greater in neutrophils incubated with a pathogenic strain of 
M. hyopneumoniae than in those incubated with a non-pathogenic strain. This suggests that M. 
hyopneumoniae alters the signal transduction mechanisms in neutrophils and that this alteration may 
be related to virulence. 
Keywords: calcium flux, Mycoplasma hyopneumoniae, neutrophils, pigs, virulence, zymosan 
Abbreviations: [Ca], intracellular concentration of calcium; CCU, colour changing unitsjml; 
Fura-2/AM, penta~cetoxymethyl ester; PBS, phosphate-buffered saline, pH 7.2; TNF, tumour 
necrosis factor 
INTRODUCTION 
Pneumonia induced by Mycoplasma hyopneumoniae is often complicated by second-
ary bacterial infection, and large numbers of neutrophils are commonly observed 
during histological examination of the bronchiolar lumina (Ross, 1986). Neither the 
effect of M. hyopneumoniae on neutrophil function nor the role of neutrophils in 
mediating development or resolution of the lesion is known. 
Modulation of intracellular calcium ([Ca].) in mammalian cells by bacteria was 
reported by Baldwin and colleagues (1991), who demonstrated that [Ca). was elevated 
I in HEp-2 cells incubated with Escherichia coli. Leukocytes adhering to the bronchial 
epithelium after inoculation of pigs with broth cultures of M. hyopneumoniae 
appeared to have mycoplasma adhering to their surface (Mebus and Underdahl, 1977; 
Underdahl et al., 1980). The effect of adherent mycoplasmas on [Cah of leukocytes is 
not known. 
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The cytoplasmic calcium concentration increases dramatically within seconds after 
normal porcine neutrophils have been stimulated with opsonized zym9san, apparently 
by inducing activation of a G-protein. Activated G-protein may modulate efflux of 
intracellular calcium from the endoplasmic reticulum (Rink, 1987) or influx of 
extracellular calcium through calcium channels to the cytosol (reviewed in Sternweis 
and Pang, 1990). 
Detection of [Ca]i is possible with fluorescent indicators. Fura-2/AM (penta-
acetoxymethyl ester; Fura-2) is a fluorescent indicator developed for measurement of 
the cytosolic free calcium concentration in cells (Grynkiewicz et al., 1985). The peak 
absorbance of Fura-2 shifts from 380 nm to 340 nm after binding to calcium, and it 
emits light at 510 nm upon excitation at either wavelength. Measurement of light 
emitted at 510 nm during alternate excitation at 340 and 380 nm gives fluorescence 
ratios that indicate changes in [Ca]., independently of total dye concentration 
I (Grynkiewicz et al., 1985). From the fluorescence ratios, [Ca]i may be determined 
(Grynkiewicz et al., 1985). 
We measured the fluorescence ratios of light emitted by Fura-2 loaded porcine 
neutrophils incubated with M. hyopneumoniae and stimulated with opsonized 
zymosan to study the influence of M. hyopneumoniae on changes in [Ca]i. 
MATERIALS AND METHODS 
Pigs 
Eight Yorkshire, 2-4 months old, crossbred pigs were obtained from an isolated, 
closed herd that was free of infection with known porcine respiratory pathogens. Sera 
collected from the pigs did not contain antibody to M. hyopneumoniae as determined 
by an ELISA test (Bereiter et al., 1990). 
Neutrophils 
Neutrophils were isolated as previously described (Goff et al., 1991), with modific-
ations. Briefly, 30 ml cold ( 4°C) citrated peripheral blood was mixed with 100 ml cold 
phosphate-buffered deionized\vater (0.0132 moljL, pH 7.2) for 90s and then with 50 
ml cold phosphate-buffered (0.0132 moljL, pH 7.2) 2.7% saline for 20 s before being 
centrifuged at 365g for 15 min. Approximately 150 ml of supernate was removed, the 
cells were resuspended and the lysis step was repeated. After further centrifugation, 
approximately 160-170 ml of supernate was removed, the cells were resuspended in 
the remaining liquid, the suspension was layered on top of 6 ml cold Ficoll 
(Histopaque 1077, Sigma Chemical Co., StLouis, MO, USA) and centrifuged at 400g 
for 45 min. Supernate, mononuclear cells and approximately 3.0 ml of the Ficoll were 
removed. The cells were washed in PBS, before and after counting, and resuspended 
in PBS to a concentration of 5.0 x 107 cells/mi. This procedure generally yielded cell 
preparations that were greater than 90% neutrophils. 
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Mycoplasma hyopneumoniae 
A lung homogenate from a pig infected with M. hyopneumoniae strain 232 was diluted 
1:10 in Friis mycoplasma medium containing antibacterial agents (Friis, 1975) and 
incubated until the logarithmic phase of growth had been attained, so as to obtain 
passage 1. Passage 1 was diluted 1:10 in Friis mycoplasma medium and the culture 
was further incubated as before to obtain passage 2. Aliquots of passages 1 and 2 were 
frozen at - 70°C. Passage 2 of M. hyopneumoniae strain 232 induced ciliostasis in 
porcine tracheal organ cultures (DeBey and Ross, 1990) and caused lesions in the 
lungs of pigs inoculated intratracheally (R.F. Ross, personal communication, 1990). 
Another culture of M. hyopneumoniae (strain J, ATCC 25934) was passaged in Friis 
mycoplasma medium and aliquots of passages 55-58 were frozen at -70°C. Ciliostasis 
in tracheal organ cultures was not induced by passages 55-63 of this strain (DeBey 
and Ross, 1989). At passage 60, M. hyopneumoniae strain J was not pathogenic for 
pigs when inoculated intratracheally (Zielinski and Ross, 1990). 
Fresh or frozen/thawed cultures of M. hyopneumoniae were resuspended in 
incubation medium composed of 50% Friis mycoplasma medium without antibacterial 
agents and 50% PBS. The suspension was incubated for 2-4 h at 37°C with constant 
rotation. Before addition to neutrophils, the mycoplasmas so obtained were 
centrifuged at 10 OOOg for 15 min and resuspended in fresh incubation medium. 
Immediately prior to inoculation of neutrophil suspensions, the numbers of 
organisms in the suspension were estimated by the tube dilution method for 
determining the CCU for each mycoplasma. One CCV represented the highest 
dilution of culture that changed the colour of a tube of Friis medium from red to 
yellow following incubation for 42 days. More precise determination of the numbers 
of organisms was not possible because of fastidious growth requirements. Neutrophil 
suspensions were inoculated with 10 7-101° CCV of M. hyopneumoniae. Preliminary 
experiments had demonstrated that at least 107 CCU of mycoplasma were required to 
induce a visible increase in the fluorescence ratios of zymosan-stimulated neutrophils 
when compared to uninoculated neutrophils from the same animal. When both strains 
of mycoplasma were included in an experiment, the concentration of M. 
hyopneumoniae 232 was within one tenfold dilution of the J strain. Neutrophils 
serving as controls were suspended in medium without M. hyopneumoniae. 
Immunofluorescence 
Neutrophils incubated with and without mycoplasmas were examined for 
immunofluorescence specific for M. hyopneumoniae as previously described (Amanfu 
eta/., 1984). 
Cytoplasmic calcium flux 
The kinetics of the intracellular calcium flux were measured using a SLM 8000C 
photon-counting spectrofluorimeter (SLM Instruments, Inc., Urbana, IL, USA) as 
described by Grynkiewicz et a/. (1985). This instrument has three photomultiplier 
tubes in T format optics and a stirred, thermostated, sample chamber with an 
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injection port for addition of zymosan during the assay. The SLM 8000C is controlled 
by an IBM PC computer interfaced to a Hewlett-Packard 7470A plotter. 
Polystyrene tubes containing 5 x 107 neutrophilsjml were incubated at 37°C in the 
dark with (loaded) or without (blank) 10 J.Lg/ml Fura-2/AM (Calbiochem-Behring 
Diagnostics, San Diego, CA, USA) while tumbling end-over-end for 30 min. Loaded 
and blank cells were washed in PBS, resuspended to 5.0 x 107 neutrophils/ml in 50% 
Friis mycoplasma medium/50% PBS, with or without M. hyopneumoniae, and 
incubated for 2 h in the dark with constant rotation. After incubation, the cells were 
pelleted at 180g for 15 min and resuspended to 5.0 x 107 neutrophils/ml in PBS. Then 
5.0 x 106 neutrophils were added to 2.5 ml prewarmed (39°C) Hank's balanced salt 
solution without phenol red (Gibco Lab., Grand Island, NY, USA) in a cuvette with a 
stir bar. Correction for autofluorescence caused by neutrophils or mycoplasmas was 
accomplished by calibration of the system with appropriate non-Fura-2 loaded cells 
with or without mycoplasma before testing the Fura-2 loaded cells. Fluorescence 
ratios were recorded every 2 s for 98 s to obtain original spectra. Because we 
examined the kinetics of the [Ca]. response and not the absolute [Ca)., procedures to 
I I 
determine the .minimum and maximum ratios of fluorescence after dye depletion or 
saturation with calcium were not performed. Opsonized zymosan was added to the 
Fura-2 loaded cell suspension 10 s after initiation of the assay. The original 
fluorescence ratio spectra obtained during the experiment were mathematically 
adjusted to a baseline value of 1 fluorescence unit 5 s after initiation of the assay to 
compare the [Ca]i of neutrophils after zymosan stimulation. Both the original and the 
adjusted fluorescence ratios were plotted over 98 s. 
Statistical methods 
Statistical comparisons were made between inoculated and uninoculated neutrophils 
from 8 animals assayed in two experiments. The F . and F should be constant for 
mm max 
a single experiment in which the same dye solution2 buffers and media were used for all samples. Therefore, given the equation: [Ca +] = Kd (F - F . /F - F) 
. mm max (Grynkiewicz et al., 1985), the value for F that we observed was indicative of the 
calcium concentration in homologous neutrophils with or without mycoplasma. 
Data were analysed from two experiments (4 pigs per experiment) in which 
pathogenic and non-pathogenic strains of M. hyopneumoniae were compared. Each 
experiment was analysed separately. Analysis of variance of the fluorescence ratios of 
original spectra at 6 s ( 4 s before zymosan stimulation) was used to detect differences 
in the basal (Ca]i of neutrophils. The least significant difference (p <0.05) was 
calculated to compare the means obtained for pathogenic (232) and non-pathogenic 
(J) M. hyopneumoniae and uninoculated controls. 
A quadratic ·equation was calculated from all adjusted data acquired from 20 to 98 
s (i.e. all the data acquired 10-88 s after zymosan stimulation) to describe each curve 
by regression with autocorrelated errors (SAS Institute Inc., Release 6.06.01, Cary, 
NC, USA). From the quadratic equation, three parameters were calculated: intercept, 
linear coefficient and the quadratic coefficient to estimate slope (slant) and curvature 
(shape) of each curve. Analysis of variance was used to detect differences in the curve 
parameters, and therefore in [Ca]i' after zymosan stimulation. The least significant 
difference (p<0.05) was calculated to compare the curve parameters of pathogenic 
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and non-pathogenic M. hyopneumoniae and uninoculated controls. 
The standard error of the mean (SEM) was calculated to assess the variability of 
data within a given experiment. 
RESULTS 
Immunofluorescence 
Neutrophils incubated without mycoplasmas exhibited no immunofluorescence. Large 
numbers of fluorescent organisms were closely associated with the surface of 
neutrophils incubated with pathogenic or non-pathogenic mycoplasma. 
Cytoplasmic calcium flux 
Neutrophils, obtained from all the pigs and incubated with M. hyopneumoniae, 
consistently exhibited higher fluorescence ratio values compared to control 
neutrophils that had not been incubated with this organism. 
The fluorescence ratio data for the neutrophils examined in the two experiments 
(4 pigs per experiment) were analysed statistically. Using fluorescence ratios, the 
relative calcium concentration or the basal [Ca]i of porcine neutrophils was not 
altered by incubation with M. hyopneumoniae in either experiment. Using the linear 
coefficient, which measured the way the curve changed over time, the kinetics of [Ca]i, 
as measured by fluorescence ratios, was significantly different for neutrophils with and 
without mycoplasma. Increase in [Ca)i was significantly greater in neutrophil 
suspensions inoculated with M. hyopneumoniae than in uninoculated controls after 
zymosan stimulation (experiment 1, p<0.007; experiment 2, p<0.005). In both 
experiments, after zymosan stimulation, free [Ca)i was consistently higher in 
neutrophils incubated with the pathogenic M. hyopneumoniae 232 than in neutrophils 
incubated with the non-pathogenic J strain. 
The variability in the data between the neutrophils from different animals in the 
first experiment (SEM = 0.175) probably prevented detection of a significant 
difference in the increased [Ca)i as measured by fluorescence ratios observed after 
incubation with the pathogenic M. hyopneumoniae when compared to the 
non-pathogenic strain. Free [Ca]i was significantly higher (after zymosan stimulation; 
p < 0.02) in neutrophils incubated with the pathogenic M. hyopneumoniae 232 than in 
neutrophils incubated with the non-pathogenic J strain when quadratic coefficients 
displayed little variability (SEM = 0.025) between neutrophils from different animals 
in the second experiment. See Figure 1 for the fluorescence ratio spectra from a 
representative sample. 
DISCUSSION 
Neutrophils exposed to M. hyopneumoniae exhibited a significantly greater [Ca). in 
I 
response to stimulation with opsonized zymosan as compared to the [Ca]i response of 






















Figure 1. Effect of Mycoplasma hyopneumoniae on intracellular calcium flux in 
porcine neutrophils stimulated with porcine opsonized zymosan (added at arrow). 
Lines are tracings of fluorescence ratios exhibited by neutrophils without (C) or with 
pathogenic (A) or non-pathogenic (B) strains of M. hyopneumoniae. Neutrophils 
loaded with a fluorescent indicator (Fura-2) were incubated for 2 h at 37°C with or 
without M. hyopneumoniae. Intracellular calcium flux was measured with a dual-
wavelength photon-counting spectrofluorimeter. Fluorescence ratios were calculated 
over a total of 98 s and mathematically adjusted to a baseline value of 1 fluorescence 
unit at 5 s. Neutrophils incubated with M. hyopneumoniae consistently exhibited 
higher levels of intracellular calcium after zymosan stimulation (A > C; B > C; p < 
0.02). Levels of intracellular calcium induced by pathogenic M. hyopneumoniae after 
zymosan stimulation were consistently greater than levels induced by non-pathogenic 
M. hyepneumoniae (A > B), but the difference was not always significant. Represent-
ative fluorescence ratios of neutrophils from a single pig are presented 
flux of calcium across the cell membrane from extracellular sources or by release of 
calcium from intracellular stores (Rink, 1987). 
Mycoplasma hyopneumoniae modulated the neutrophil response to the opsonized 
zymosan stimulus without altering the basal [Ca)i" The results suggest that M. 
hyopneumoniae up-regulated or impaired the elements regulating the response of 
neutrophils to zymosan stimulation, and imply that the neutrophils were 'primed' to 
exhibit an exaggerated intracellular calcium flux in response to stimulation of the C3b 
receptor. Close association of M. hyopneumoniae with the neutrophil surface, as 
demonstrated by immunofluorescence, may indicate that the organism is interacting 
with a component of the host cell membrane. The activity of one or more calcium-
dependent response elements may be altered without changing [Ca). (Rasmussen et 
I 
al., 1985), e.g. no change in [Ca]i is observed until signal transduction occurs. Priming 
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of human neutrophils by diacylglycerol (Liang eta!., 1990) and nucleotides (Walker et 
a/., 1991) for enhanced [Ca]i flux after signal transduction has been described. 
Calcium channels are inhibited by fatty acids (Ordway eta/., 1991). Fatty acids that 
maximally inhibit calcium channel activity- myristic, oleic and linoleic acid (reviewed 
in Ordway eta/., 1991) - compose approximately 47% of the total membrane lipid of 
M. hyopneumoniae (Hwang eta/., 1986). However, the mechanism by which free fatty 
acids are released from mycoplasma membranes and their subsequent transfer to host 
cell membranes is not clear. 
The kinetics of the [Ca]i response after zymosan stimulation were significantly 
different for neutrophils that had been inoculated with or without mycoplasma. Using 
the linear coefficient of the fluorescence ratios to measure the change of the plotted 
curve over time, significant increases in ratios were consistently detected in 
neutrophils incubated with mycoplasma when compared to uninoculated controls. The 
biological significance of increased [Ca]i in stimulated porcine neutrophils is not 
known. Elevations in [Ca]i were not necessary for TNF-induced degranulation 
(Richter et a/., 1990), activation of the membrane-bound form of protein kinase C, 
release of membrane-bound proteinase and production of oxygen radicals after 
stimulation with phorbol myristate acetate (Pontremoli eta/., 1986), or production of 
superoxide anion by neutrophils primed with diacylglycerol (Liang et a/., 1990). 
However, degranulation was found to be dependent on an increased [Ca]i when 
neutrophils were stimulated with formylmethionyl-leucyl-phenylalanine (Pontremoli et 
a/., 1986). 
The pathogenic strain of M. hyopneumoniae consistently induced greater 
elevations of [Ca]i in stimulated neutrophils as compared to the [Ca]i levels associated 
with the non-pathogenic strain. The increase in [Ca]i after incubation with pathogenic 
M hyopneumoniae may be biologically significo.nt, even though statistical significance 
(p < 0.05) was limited to the second experiment. Ability of M. hyopneumoniae to alter 
[Ca]. may be associated with virulence. In each experiment, the concentration of M. 
I 
hyopneumoniae 232 was the same as or one tenfold dilution lower than that of the J 
strain, indicating that the number of viable mycoplasmas was not the reason for the 
differences in fluorescence ratios. 
The role of neutrophils in the pathogenesis of M. hyopneumoniae-induced disease 
is not known. Neutrophil products may be involved in acute lung injury. Accumulation 
of neutrophils in the airways (Ross, 1986) coincides with the epithelial cell injury and 
apparent immunosuppression (Adegboye, 1978) observed during acute and mid-stage 
disease. 
The results of our study suggest that M. hyopneumoniae alters the neutrophil 
intracellular calcium flux in response to an opsonized zymosan stimulus. The 
mechanisms for increased [Ca]. may include enhanced efflux of calcium from 
I 
intracellular stores and/or enhanced influx of calcium from extracellular sources. The 
enhanced [Ca]i response may indicate that neutrophils hypersensitive to stimuli cause 
increased neutrophil-induced lung damage when mycoplasmas are present. 
Determination of the mechanism inducing increased free [Ca]i in neutrophils exposed 
to M. hyopneumoniae may therefore reveal the mechanisms associated with the 
pathogenicity of this organism in vivo. 
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